this same approach to dissect out the mechanism of
glycine-dependent desensitization and to test the hypothesis that this phenomenon arises from a negative allosteric interaction. We found that recombinant NMDA receptors present a negative cooperativity with respect to their glutamate and glycine activity. Moreover, we have identified regions in the N-terminal S1 binding domain of both the NR2A and NR1 subunits that seem to be required for the transmission of allosteric signals from the glutamate binding NR2A subunit to the glycine binding NR1 subunit. Thus, these segments probably mediate a crosstalk between the two subunit types that form NMDA receptors.
Results
As previously reported, receptors incorporating NR2A or NR2C subunits present different deactivation rates upon agonist removal. Similarly, glycine-dependent desensitization is much less marked in NR2C than in NR2A receptors (e.g., Casado et al., 1996) . Given that the channel closes fast in comparison to the kinetics of agonist dissociation, current relaxations upon agonist removal must be directly related to the dissociation rate (Johnson and Ascher, 1992). As such, the current relaxation may serve to estimate the differences between NR2 subunits in their affinity for glutamate and glycine (see Monyer for NR2C-containing receptors ( Figure 1A ). This is in keeping with the approximately 10-fold higher affinity for glycine of NR2C-containing receptors as estimated Localization of N-Terminal Segments in NR2A by radio-ligand binding studies (Honer et al., 1998; Lauthat Determine Glycine Affinity rie and Seeburg, 1994). To identify which part of the To more accurately define the region of the NR2 subunit molecule is responsible for this difference, we conthat influences glycine affinity, the N-terminal portion structed chimeric subunits composed of fragments from was divided into six segments, N1-N6 (Villarroel et al., NR2A and NR2C subunits (Villarroel et al., 1998) . Chime-1998). In this series of experiments, glycine-independent ric NR2A/C receptors that included the N-terminal extradesensitization was partially eliminated by including the cellular segment of NR2A displayed a 2A-like glycine four amino acid stretch preceding the first transmemdeactivation rate, and chimeras that included the first brane domain of NR2C (construct A'; Villarroel et al., 564 N-terminal residues from NR2C had a 2C phenotype 1998). In some cases and to facilitate making chimeric ( Figure 1B) . Therefore, the molecular determinants that constructions, part of the C-terminal had to be removed control the differences in glycine deactivation rate be-(construct A*). We did not observe any difference in tween receptors with glutamate bound incorporating deactivation kinetics in A* when compared to A' con-NR2A or NR2C subunits must be located in the N-termistructs. Replacement of the segment N5 caused the most significant change in glycine dissociation kinetics nal region. Figure 2A ). The combination of N5 with other changes these substitutions induced in glutamate affin-N-terminal segments produced the largest impact on ity by studying the current relaxations after removing glycine deactivation rate. In particular, the exchange of glutamate from the perfusion fluid (as illustrated in Figsegment N4 in combination with N2 and N3 was required ure 1A for glycine, but including APV to avoid glutamate to achieve glycine deactivation rates comparable to reasociation). As for glycine affinity, segment N5 was those of the donor subunit ( Figure 2B ). These results necessary but not sufficient to account for the differindicate that, although not sufficient, N5 contributes to ences in the glutamate deactivation rates between NR2A the differences in glycine unbinding rate between NR2A and NR2C subunits ( Figure 3A ), although this segment and NR2C containing heteromers. We further divided does play a dominant role. Indeed, in this case, both N5 into two smaller portions (N5a and N5b). While ex-N5 and N4 were necessary and sufficient to confer the changing segment N5b did not affect glycine dissociaphenotype of the donor subunit. When different mutants tion (A'[C N5b ] ϭ 148 Ϯ 5 ms, n ϭ 7; not shown), when were analyzed, most but not all NR2A mutations affected the N5a segment was exchanged, an effect similar to glutamate and glycine affinity similarly ( Figure 3B ). In that of replacing the whole N5 segment was observed (A'[C N5a ] ϭ 421 Ϯ 9 ms, n ϭ 7; not shown). particular, alterations in the N5a region of the NR2 sub- 
Binding of Glutamate to NR2A Subunits Reduces
The dissociation rate of glycine was slower in the Glycine Affinity absence than in the presence of glutamate ( Figure 4A ).
Our observations indicate that particular domains of
We therefore inferred that glycine affinity is reduced in NR2A subunits influence the properties of NR1 subunits receptors that have bound glutamate and that a negative in terms of ligand affinity. As a result, we set out to cooperative phenomenon takes place upon glutamate determine whether a cooperative interaction could be binding. To evaluate the degree of cooperativity in the demonstrated between the glutamate and glycine binddifferent constructs, we calculated the ratio between ing sites, whether this might be influenced by these the deactivation rates of glycine measured in the presamino-terminal segments, and whether this interaction ence and absence of glutamate (as summarized in Figis important for the phenomenon of glycine-dependent ure 4B). Modifications in the N5a sequence affected desensitization. To estimate the degree of cooperativity, cooperativity, unveiling a crucial role for this segment the glycine deactivation rate was compared in the presin intersubunit interactions. Surprisingly, chimeras that ence and absence of bound glutamate (Figure 4) . To included the whole N-terminal segment of the 2C subunit study the dissociation of glycine in the absence of glutashowed positive cooperativity between glutamate and mate, we followed a protocol originally described by glycine sites ( Figure 4B ). This was unexpected since Johnson and Ascher (1992). Briefly, the cell was equilireceptors containing 2C subunits, like those containing brated with glycine for at least 10 s, then the glycine 2A subunits, show negative cooperativity ( Figure 4B ). was washed out in a solution lacking glycine and conHowever, we noted that the replacement of N-terminal taining the competitive antagonist 7,Cl-kynurenic acid segments affected the deactivation rates to a greater to prevent the reassociation of glycine. The cell was extent in the presence of rather than in the absence of exposed to this solution for different intervals to achieve glutamate (i.e., bound rather than unbound receptors). different degrees of dissociation. Finally, a saturating This differential influence on the dissociation rate of concentration of glutamate (in the absence of glycine either gives rise in some cases to positive cooperativity and in the presence of 7,Cl-kynurenic acid) was applied and in others to an increase in negative cooperativity. to the cell and the peak current recorded ( Figure 4A) .
Interestingly, the presence of the N5 segment of either Since glycine is an absolute requirement for channel subunit was still required for cooperativity regardless of activation, the amplitude of the current induced upon the sign. glutamate perfusion should reflect the fraction of recepWe further replaced unconserved charged residues tors that still maintain bound glycine following its rewithin this segment (see Figure 5A ) and found that within moval (Johnson and Ascher, 1992). Our measurements were further facilitated by obviating glycine-indepenthe segment N5a, negative cooperativity was signifi- cantly reduced when E427 was replaced with other resibinding to NR1 subunits. Therefore, we propose that in the conformational changes that occur upon ligand dues. Interestingly, when E427 was replaced by the residue present in NR2C subunits (A*[C N2 ]E427G mutant), binding at the glutamate NR2 binding site, N5 is required for the intimate association between NR1 and NR2 subcooperativity was completely abolished ( Figure 5B ). At this position, charge conservation (E427D) had no effect units. on unbinding rates and indeed, this change did not prevent cooperativity ( Figures 5B and 5C ). In conMutations in NR1 Reproduce Properties of NR2A Mutants trast, charge neutralization (E427Q) or charge inversion (E427K) affected the rate of glycine unbinding in glutaIt is clear from the data presented above that the N5a segment contains determinants (i.e., E427) that make mate bound receptors ( Figure 5C ), but surprisingly did not abolish cooperativity in the same way as was obthe functional interaction between glutamate and glycine binding possible. Since both binding sites reside on served for E427G mutants, although it was significantly reduced. The introduction of a G at that position could different subunits, this amino acid stretch may mediate intersubunit interactions. We wanted to test this hypothhave induced a distortion of the whole N5a segment in addition to neutralizing the charge. To test for an effect esis by identifying residues in the glycine binding domain of the NR1 subunit that might also be involved in of such a distortion in cooperativity, we mutated the conserved E420 residue to a G. This mutation remarkthis phenomenon. Site-directed mutagenesis has identified determinants important for glycine binding in both ably accelerated deactivation rates for glycine both in the absence and presence of glutamate ( Figure 5C ), but the region preceding the first transmembrane domain (S1), and the N-terminal portion of the S2 region of NR1, in terms of cooperativity, rather than a decrease we observed a slight increase. Therefore, it is unlikely that regions that delimit the binding pocket for glycine on this subunit (Hirai et al., 1996; Kuryatov et al., 1994; abolition of cooperativity by the substitution of E to G arises just from a simple distortion of the structure.
Wafford et al., 1995). We found that a mutation previously said to affect glycine affinity, K544Q, abolished These results strongly support the idea that the two different binding sites in recombinant NMDA receptors cooperativity in a similar way to the mutation E427G in NR2A ( Figure 6B ). We further studied five additional exhibit negative cooperativity, and that segment N5a is pivotal for this intersubunit interaction. However, the point mutations in the S1 region proximal to K544 and/ or similar in charge and found that none of them pro-E420G mutation accelerated deactivation rates for glycine both in the absence and presence of glutamate duced the same effect. In particular, the mutation of the adjacent K543 to Q did not alter the interaction between ( Figure 5B ). Although this result is difficult to evaluate in the absence of structural data, it emphasizes the glutamate and glycine binding sites. The replacement of nearby negatively charged residues was also ineffeccritical role of the NR2 subunit in influencing glycine Although these results do not allow to firmly establish emergent behavior of positive cooperativity (not shown) seen with some NR2A mutants. In contrast, the mutation an electrostatic interaction between these critical residues as the mechanism for intersubunit cooperativity, of the negatively charged residue D481, which is relatively close to this stretch (see Figure 6A) , while influencthey point to them as controllers for the intersubunit interactions, and reveal that single mutations in the glying the glycine deactivation rate, was completely ineffective in avoiding the glutamate-induced decrease in cine binding domain of NR1 subunits reproduce phenotypes similar to those induced by single mutations in glycine affinity ( Figure 6B) . As was the case for NR2A point mutants, some mutations in the NR1 subunit also NR2A subunits. Worth mentioning is the possibility that these segments mediate intrasubunit rather than interaffected glutamate deactivation rate, although to a variable degree ( Figure 6D ). This ranged from an increase subunit interactions and that some other structures mediate the interactions between subunits. of 30% in the case of D552N to a reduction of 31% for E545Q.
Having identified single residues with opposite The Glycine-Dependent Desensitization of NMDA Receptors Partially Depends on Negative charges that when mutated equally abolished receptor negative cooperativity, the electrostatic interaction beCooperativity between Glutamate and Glycine Binding Sites tween these two residues appeared as the simplest explanation for intersubunit interference. To support or
The existence of negative allosteric interactions between glutamate and glycine binding is compatible with deny this hypothesis, we measured glycine deactivation rate in the presence and in the absence of glutamate in the existence of a form of NMDA receptor desensitization that is reduced and eventually occluded as the glyreceptors made of both charge reversal mutants, i.e., NR1K544E plus A*[C N2 ]E427K, in the hope that the eleccine concentration increases (i.e., glycine-dependent desensitization; Lerma et al., 1990; Mayer et al., 1989) . trostatic interaction between these two residues, if it exists, should remain in this hybrid receptor. However, It has been postulated that glycine-dependent desensitization results from a reduction in glycine affinity upon rather than preserving negative cooperativity, these mutations changed it into slightly positive (deactivation rate glutamate binding, leading to the dissociation of glycine at subsaturating concentrations (Benveniste et al., 1990; sensitization. To overcome this problem, we coexpressed this chimera with the NR1 subunit containing Lerma et al., 1990) . Consistent with this model, we found that at low glycine concentrations, the desensitization the D481N mutation as this mutation produces a 13-fold reduction in glycine affinity (see Figure 6C ; Wafford rate tended to equate to the glycine deactivation rate measured in the presence of glutamate, regardless of et al., 1995). Interestingly, as the allosteric model predicted, the chimeras showing positive cooperativity dethe apparent affinity for glycine conferred by the hybrid NR2 subunit (Figures 7A and 7B) . However, we also veloped a slow increase in current upon glutamate perfusion at low glycine (0.2 M; Figure 7E ), probably as a found that a negative allosteric interaction between glutamate and glycine sites was insufficient to explain glyresult of the re-equilibration of glycine binding. However, current fading was apparent when the concentration of cine-dependent desensitization since a clear current decay was still present in chimeric receptors in which glycine was lowered to 0.1 M. The possibility still exists that the absence of a change glutamate did not affect the glycine deactivation rate (Figures 7A and 7C) . In these constructs, glycine rein deactivation rate upon glutamate binding would not reflect a change in glycine affinity. Thus, we tried to duced the degree of desensitization in a dose-dependent manner ( Figure 7D ). In addition, the availability of determine whether or not any change in the on rate of glycine occurred. Although the low level of expression chimeric subunits with aberrant positive cooperativity (e.g., A*[C N4-5 ]) allowed us to test this hypothesis more of some constructs caused difficulties in measuring the binding rate at several concentrations of glycine in the directly. Given the high affinity of chimera A*[C N4-5 ] for glycine, the normal contaminating levels of this amino absence of glutamate, we calculated the on rate at 0.6 M glycine in the chimera A'[CN2]E427G, which did not acid (30-50 nM as measured by HPLC) were in principle enough to completely occlude glycine-dependent depresent cooperativity but still presents glycine-depen-dent desensitization. In the presence of glutamate, glypoint mutation (E427 to Q, K, or G) is enough to reduce or abolish negative cooperativity indicates that this is cine activated the current following a single exponential not an artificial result but an intrinsic behavior of NMDA of 113 Ϯ 1.6 ms (n ϭ 3). In the absence of glutamate, receptors conferred by specific domains in the NR2A the exponential was 116 Ϯ 12.6 ms, suggesting that, at subunit. least for this construct, lack of cooperativity was propWe have evaluated the significance of our data by erly revealed by the lack of change in the deactivation modeling the glutamate binding core of the NR2A subrate.
unit ( , the NR2A S1-S2 domain can be modeled. As a tween glutamate and glycine binding sites of NMDA result, segment N5 would be situated in a region of lobe receptors. NR2 subunits, known to contain the gluta-I (Domain I in Figure 8 ) out of the binding pocket and mate binding site, affect the properties of glycine bindtherefore unlikely to be directly involved in ligand binding to the other subunit type that makes up the NMDA ing (see Figure 8C ). However, it should be noted that receptor, NR1. Indeed, coexpression of NR1 subunit the secondary structure of N5 segment could not be with NR2A or NR2C produces receptors with markedly predicted using this approach since most of this segdifferent glycine affinities. Therefore, a steric interaction ment is specific to NMDA receptors subunits, and it is between NR2 and NR1 subunits must exist that modunot present in other glutamate receptors such as AMPA lates glycine affinity. Although the use of chimeras will or kainate receptors subunits ( Figure 8A (Figure 2 ). This N5 stretch is within the or channel gating) is responsible for the allosteric inter-S1 segment, which forms part of the glutamate binding action, it should be recognized that loop 1 is strategically domain and as such, its replacement also affected glutalocated to transmit to neighboring subunits the conformate affinity. The most important determinants for the mational changes that result from ligand binding. particular glutamate binding properties of each subunit If, as postulated, a physical movement of NR2A doseem to be within N4 and N5 since those chimeras mains leads them to interact with NR1 domains and containing these two segments responded as the donor reduces glycine affinity, then it should be possible to subunit (Figure 3) . find residues in the NR1 subunit with which NR2 doThe affinity of NMDA receptors for glycine is not invarimains may interact. As such, mutations in this domain able, but glutamate binding to the NR2A subunit causes should result in a similar behavior as that induced by a change in receptor affinity for glycine; in others words, the NR2A mutations. We found that the mutation of that there is negative cooperativity between the two K544 to Q in NR1 also abolishes the reduction of glycine binding sites. This result supports the suggestion of affinity upon glutamate binding (i.e., negative coopera- nearby facilitates the intersubunit interaction. In addiSome functional experiments have failed to detect any tion, the mutation E545G, which we would expect to cooperativity between these two sites (Johnson and induce structural perturbations, was able to reproduce Ascher, 1992), probably due to the desensitization of the phenomenon of positive cooperativity (not shown) NMDA receptors that might obscure differences in glyobserved when segments N4 and N5 were substituted in an NR2A backbone ( Figure 4B) . Although an exact cine deactivation kinetics. However, the finding that a (D) based on the structure of S1-S2-GluR2 bound to glutamate for NR2A and the apo structure for NR1 (Protein Data Bank ID codes: 1FTJ for NR2A and 1FTO for NR1). In (C), residues equivalent to those in direct contact with glutamate in the crystal of GluR2 are represented as balls. The segment N5 has been detached from the overall structure given the uncertainty of its 3D structure (from F416 to E448). Within this segment, E420 and E427 are represented as sticks. In (D), those residues in which mutations induce a change in glycine affinity (see Kuryatov et al., 1994) are represented as balls, while K544 and E545 have been represented as sticks. The loop containing these residues has been detached from the structure to denote the uncertain 3D structure. The NR2 and NR1 sequences were obtained from the Gene Data Bank. To generate the models, S1-S2 sequences of NR2A and NR1 were aligned with S1-S2 sequence of GluR2 using the the Megalign routine of DNAstar program and further optimized manually. Gaps were introduced into either sequence to obtain an optimal alignment. Model construction was performed by the Swiss-Model server (http://www.expasy.ch/spdbv/mainpage.html; Guex and Peitsch, 1997). The model was returned from the server in the form of pdb files. description of interaction among one and another sub-2001). Data from mutational analysis lead to estimate that a decrease in glycine affinity may result from alterunit residues is still forthcoming, we think that these results strongly support that idea that NR2A and NR1 ations in the tertiary structure induced by a disruption of hydrogen bonds in the hinge region (Hirai et al., 1996). subunits interact upon agonist binding and that residues within N5a of NR2A (e.g., E427) and particular NR1 resiIt is not unreasonable to think that the interaction between segment N5a from NR2A and this loop from NR1 dues (e.g., K544) play a significant role in modulating the affinity of glycine.
upon glutamate binding may produce a decrease in glycine affinity due to a distortion of the hydrogen bond Glutamate and glycine binding sites appear to be remarkably similar in their overall structure. Therefore, it is network at the hinge. The hypothesis that the glycine affinity is lowered by neutralizing this or other positive also possible to model the glycine binding site following available 3D structure for S1-S2 AMPA receptor binding charges is indicated by the fact that the elimination of K544 (K544Q or K544E mutants) renders receptors that domain ( Figure 8D ). In this model, again, most of the loop harboring residues important for cooperativity has constitutively show an increased deactivation rate (i.e., reduced affinity for glycine in the glutamate unbound not a counterpart in AMPA receptors. Therefore, its three-dimensional structure is difficult to predict. Howreceptor; Figure 6C ). A similar rationale could explain the results observed after mutating E545, E528, or D552 ever and consistent with our interpretation, K544 does not appear to form part of the glycine binding core.
in NR1 in that the elimination of these negative charges further decreased the affinity for glycine of bound recepRather, it is located in the vicinity of a segment that has been recently proposed to form part of the hinge tors and therefore cooperativity (Figure 6 ). In contrast, neutralization of D481, a residue close to K544 in primary (residues 108-128 in S1-S2 GluR2; Mendieta et al., structure but that is located further away in the 3D model of the two binding domains. Therefore, keeping to-( Figure 8D ), does not affect cooperativity while having gether, these results raise the interesting view that seva profound influence on glycine affinity (Wafford et al., eral types of desensitization of NMDA receptors are 1995; see Figure 6C ). It seems possible that this phecaused by an allosteric interaction between different nomenon is more complex than we might at first imagine receptor binding sites and that allosteric interaction beand that there are other domains involved in addition tween receptor domains seems to be a general and to N5 in NR2A and the residue K544 in NR1.
fundamental mechanism of regulation in NMDA re-A dimer crystal structure has been recently solved for ceptors. GluR2 S1-S2 constructs (Armstrong and Gouaux, 2000) .
Experimental Procedures
The observed dimer contacts are on a different face of the protein far from loop 1, leaving the role of loop 1 in 
Construction of

